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MOTIVATION: RECENT OBSERVATIONS FROM
DARK ENERGY SPECTROSCOPIC INSTRUMENT
(DESI) As THE QCD PHENOMENON

® DESI observed a time evolving EoS
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behaviour is complete disaster: it
contradicts Unitarity, causality, and
other fundamental features of QFT

® Previously data had been fitted as a
cosmological constant with w = —1
Now it is ruled out.



What such behaviour could imply in terms of the QFT?

Our proposal is that the source of the observed Dark
Energy (DE) is the QCD vacuum energy and tunnelling
processes between the topological | k) sectors.

The variation of the transition rate between |k )
sectors in expanding Universe will result in variation of

the DE with time (DESI results).

How a theory with a gap (QCD) could be ever
sensitive to arbitrary large distances?

A precise quantitative answer will be given in this talk



In fact, the presence of the long range forces in QFT
had been suspected long ago by Luscher (1978) in
paper titled “The secret long range force in quantum
field theories with instantons”

Technically, these long range forces can be traced to
‘Hooft paper (1976) where IR cutoff is required to
evaluate the zero modes determinant

The same IR sensitivity can be formulated in terms of
the Veneziano ghost (1979)

Exact computations can be carried out in exactly
solvable “Deformed QCD” model to observe the
algebraic sensitivity (not exponential) to the IR cutoff



1. PRELIMINARY: ENERGY IN QCD

WE WANT TO ARGUE THAT THERE IS A NOVEL TYPE OF
ENERGY IN STRONGLY COUPLED QCD. THIS ENERGY HAS
“NON-DISPERSIVE” NATURE, AND CAN NOT BE EXPRESSED
IN TERMS OF CONVENTIONAL SCATTERING AMPLITUDES.

IT EXPLICITLY CONTRADICTS TO THE ‘“FOLK THEOREM?” THAT
THE S-MATRIX CONTAINS ALL THE INFORMATION ABOUT
ALL PHYSICAL OBSERVABLES.

ALL THESE NOVEL EFFECTS ARE DUE TO THE NONTRIVIAL
TOPOLOGICAL SECTORS \k> IN THE GAUGE SYSTEMS AND
TUNNELLING TRANSITIONS BETWEEN THEM.

THE EFFECT IS NON-LOCAL IN NATURE, AND CAN NOT BE
EXPRESSED IN TERMS OF LOCAL CURVATURE IN GRADIENT
EXPANSION. IT IS EXPRESSED IN TERMS OF A NON-LOCAL
CHARACTERISTICS OF THE SYSTEM ~-THE HOLONOMY.



2. TOPOLOGICAL SUSCEPTIBILITY

@ A CONVENIENT WAY TO EXPLAIN THE NATURE OF NEW TYPE
OF VACUUM ENERGY IS TO STUDY THE TOPOLOGICAL

suscePTIBILITY ( it is the ﬁey element in the resolution oftﬁe so-
called U(1) joroﬁfem in QCD, Witten, Veneziano, 1979 ).

XYM = /d45’3 (q(x),q(0)) # 0 82%?26(9) = XYM

To avoid conﬂsion: This is the Wick’s T—Joroafuct, not @yson’s

® XYM DOES NOT VANISH, THOUGH q(z) ~ 0. K"(z) | IT HAS
“"WRONG SIGN”, SEE BELOW. IT CAN NOT BE RELATED TO
ANY PHYSICAL PROPAGATING DEGREES OF FREEDOM.
FURTHERMORE, IT HAS A POLE IN MOMENTUM SPACE
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THERE IS A MASSLESS POLE (VENEZIANO GHOST), BUT

THERE ARE NO ANY PHYSICAL MASSLESS STATES IN THE
SYSTEM.
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CONVENTIONAL PHYSICALTDEGREES OF FREEDOM ALWAYS
CONTRIBUTE WITH SIGN () WHILE ONE NEEDS SIGN (+) TO

SATISFY WI AND RESOLVE THE U(1) PRloBLEM
Xnon—dispersive — /d4$ <Q($),Q(O)> T m’Evac‘ >0

CONVENTIONAL TERMS (RELATED TO PROPAGATING DEGREES
OF FREEDOM) ALWAYS PRODUCE exp(—Agcpl) BEHAVIOUR
AT LARGE DISTANCES.

< 0,

WITTEN SIMPLY POSTULATED THIS TERM, WHILE VENEZIANO
ASSUMED THE UNPHYSICAL FIELD, THE SO-CALLED THE
“VENEZIANO GHOST” TO SATURATE ‘“WRONG” SIGN IN X.

IN SOME MODELS THIS CONTACT NON-DISPERSIVE TERM WITH
“WRONG” SIGN (+) CAN BE EXPLICITLY COMPUTED. IT IS
ORIGINATED FROM THE TUNNELLING EFFECTS BETWEEN THE
DEGENERATE TOPOLOGICAL SECTORS |k) OF THE THEORY.




THESE CONTRIBUTIONS CAN NOT BE DESCRIBED IN TERMS
OF CONVENTIONAL DEGREES OF FREEDOM (WRONG SIGN);

THEY ARE INHERENTLY NON-LOCAL IN NATURE AS THEY
ARE RELATED TO THE TUNNELLING PROCESSES WHICH ARE
FORMULATED IN TERMS OF THE NON-LOCAL LARGE GAUGE
TRANSFORMATION OPERATOR AND HOLONOMY;

THESE TERMS MAY EXHIBIT THE LONG RANGE FEATURES
EVEN THROUGH QCD HAS A GAP (SIMILAR TO THE CM
TOPOLOGICAL INSULATORS);

THE EFFECTS HAVE BEEN EXPLAINED IN TERMS XY M .
HOWEVER, THE () -DEPENDENT PORTION OF ENERGY Fuac(6)
(RELEVANT FOR THE COSMOLOGICAL APPLICATIONS) HAS
ALL THESE UNUSUAL FEATURES DUE TO THE RELATION
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Fit points
Fit function

| Contact term (positive sign +,
/ vanishing width in continuum )

o/ Contribution from

H physical degrees of
freedom (negative sign
_with finite width).
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The topological susceptibility x(r) as a function of . Wrong sign for
X is well established phenomenon; it has been tested on the lattice
(plot above is from C. Bernard et al, LATTICE 2007). This x(r = 0)
contribution is not related to any physical degrees of freedom, and
can be interpreted as a contact term.



3. WARM UP EXAMPLE: MAXWELL SYSTEM IN 2D

® 2D MAXWELL THEORY IS EXACTLY SOLVABLE MODEL. IT IS
AN EMPTY THEORY AS IT DOES NOT SUPPORT ANY
PROPAGATING DOF. STILL, IT HAS NON-TRIVIAL DYNAMICS.

@ THE PARTITION FUNCTION FOR 9 VACUA IS KNOWN (IN
HAMILTONIAN APPROACH):

En(6) = § (n+ ) ¢’L Z(V,0)= Y e ()

nez

® WE WANT TO REPRODUCE Z(V’ 9) USING PATH INTEGRAL
COMPUTATIONS AS IT CAN BE GENERALIZED TO 4D SYSTEM.
INSTANTON CONFIGURATIONS, TOPOLOGICAL CHARGE
DENSITY Q, CLASSICAL ACTION ARE:
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Z(0) = / DAW =3 J PeB+is2 [ d*c B(s)
kel

® PARTITION FUNCTION IS QUADRATIC AND CAN BE EASILY
EVALUATED. THE EUCLIDEAN COMPUTATIONS (WITH
BOUNDARY CONDITIONS UP TO LARGE GAUGE
TRANSFORMATIONS) PRODUCE IDENTICALLY THE SAME
RESULTS AS THE HAMILTONIAN APPROACH (WITH
CONVENTIONAL PERIODIC BOUNDARY CONDITIONS)
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B TOPOLOGICAL SUSCEPTIBILITY IS FINITE (IN INFINITE
VOLUME LIMIT) AND SATURATED BY VERY LARGE.
TOPOLOGICAL WINDING NUMBERS, k ~ VeV > 1
INFRARED REGULARIZATION (BOUNDARY CONDITIONS) IS

ESSENTIAL ELEMENT AT EVERY sTEP (1.Sachs , A. leﬂf)
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B THE INTERGRAND (52(33) —function) FOR THE TOPOLOGICAL

(Q(z)Q(0)) = 6_52(56). /d2x<Q(a:),Q(O)> ~ /d2a’:52(az) ~ /d2:c Oy (x—“)

SUSCEPTIBILITY IS SATURATED BY UNIFORM FLUXES
FILLING THE ENTIRE SPACE-TIME VOLUME (IR NOT UV
PHYSICS). THIS ‘““NON-DISPERSIVE” CONTACT TERM IS NOT
RELATED TO ANY PROPAGATING DEGREES OF FREEDOM

2

42

IS THIS CONSTANT NON-DISPERSIVE CONTRIBUTION TO
THE VACUUM ENERGY PHYSICALLY OBSERVABLE?

THE ULTIMATE ANSWER IS “YES” AS THE ANOMALOUS
WARD IDENTITIES Y — 0 (WHEN PHYSICAL MASSLESS
FERMIONS ARE INTRODUCED INTO THE SYSTEM) CAN BE
ONLY SATISFIED IF THE CONT TERM IS NOT ZERO.
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4. DEFINITION OF THE GRAVITATING ENERGY

® WE ASSUME THAT THE RELEVANT (GRAVITATING) ENERGY
WHICH ENTERS THE FRIEDMAN’S EQUATION IS THE
DIFFERENCE AF = (ErLrw(H) — EMink) SIMILAR TO
COMPUTATIONS OF THE CASIMIR ENERGY, WHEN THE
DIFFERENCE AF IS OBSERVED. THIS ASSUMPTION WAS, IN
FACT, ORIGINALLY FORMULATED BY ZELDOVICH IN 1967.

® WE CAN NOT (BY TECHNICAL REASONS) TO PERFORM THE
COMPUTATIONS IN FLRW BACKGROUND. HOWEVER, WE
CAN PROCEED WITH COMPUTATIONS IN A TOY MODEL
FORMULATED ON HYPERBOLIC SPACE [? x S! ;, WHEN ROLE
OF H ~ 1072 ¢V PLAYS PARAMETER Kk — 0

® WE WANT TO ARGUE THAT A NONTRIVIAL HOLONOMY
GENERATES A LINEAR CORRECTION AF(k) ~ k IN CONTRAST

3 2

WITH CONVENTIONAL EXPECTATION AFE ~ R [H?| ~ k



TECHNICALLY, WE WANT TO SEE A LINEAR (RATHER THAN
VERY SMALL QUADRATIC g ) CORRECTION IN THE RATIO

T S S S ST
Lo = ~14+0 i
Evac [Rg X Sl] AQC’D

IF THE SAME PATTERN PERSISTS IN REAL FLRW
UNIVERSE ONE COULD REPLACE K — H(HuUBBLE) :

IN OTHER WORDS, WE INTERPRET THE OBSERVED DARK
ENERGY AS A LEFTOVER BETWEEN EXPANDING
UNIVERSE AND FLAT MINKOWSKI SPACE-TIME

pE = AFE = (Fgesitter — FMink)

IT HAS THE SAME NON-DISPERSIVE NATURE (CAN NOT BE
EXPRESSED IN TERMS OF PROPAGATING DOF), IT IS NON-
LOCAL IN NATURE (NOT EXPRESSIBLE IN TERMS OF THE
LOCAL CURVATURE), AND IT HAS A POSITIVE SIGN.



HISTORICAL COMMENTS: MANY PEOPLE FROM DIFFERENT

FIELDS HAD ADVOCATED (AFTER Zefd’ovicﬁ, 1067 ) A

SIMILAR IDEA ON THE RHS FOR THE FRIEDMAN’S
EQUATION

ANE(L)y = EL)y—Eink
Bt RS =

‘James Bjorﬁen (}mm’cfe }oﬁysics), 2001,
Ralf Schuetzhold (GR), PRL, 2002;
gm’sﬁa Volovik (CM Joﬁysics), 2008 +many more

| PERSONALLY ADOPTED THIS IDEA IN 2009, MOSTLY
DUE TO THE INTENSE (AND NEVER ENDING) DISCUSSIONS
WITH GRISHA VOLOVIK IN THE RELATION WITH HIS
COSLAB (COSMOLOGY IN A LABORATORY) ACTIVITIES.



5. HOLONOMY AND THE LINEAR CORRECTION
IN HYPERBOLIC SPACE H3 x S!_,

® NORMALLY IT IS EXPECTED THAT ALL CORRECTIONS DUE TO
THE TIME-DEPENDENT (CURVED) BACKGROUND ARE

PROPORTIONAL TO THE LOCAL CURVATURE R [Hi] ~ /12

® WE WANT TO TEST THESE IDEAS IN GAUGE THEORIES WITH
NONTRIVIAL HOLONOMY. IN THIS CASE CORRECTIONS ARE
NOT REDUCED TO THE LOCAL OBSERVABLES. THE IR
REGULARIZATION PLAYS KEY ROLE IN ALL COMPUTATIONS.

B SPECIFICALLY, WE COMPUTE THE RATIO WHICH EXPLICITLY
SHOWS THE LINEAR CORRECTION "~ K

B xSt ] %7 K 1

~ |1 — F, ..=—InZ
8 R3¢ ST BV

2 Agebp



IF ONE ASSUMES THAT THE SAME EFFECT TO PERSIST IN
OUR FLRW UNIVERSE ONE SHOULD REPLACE kK —H TO
ARRIVE (VERY CLOSE TO THE OBSERVED VALUE):

H
Aqcp

AE — EFLRW = EMink — AZCLQCD ( ) h-4 (10_36V)4

THE DRIVING FORCE FOR THE DESITTER BEHAVIOUR IS NOT
A LOCAL DYNAMICAL DE FIELD (¢ . RATHER, THE DRIVING

FORCE SHOULD BE THOUGHT AS A CASIMIR TYPE VACUUM
ENERGY GENERATED BY TUNNELLING TRANSITIONS
BETWEEN DIFFERENT TOPOLOGICAL SECTORS



2Q: How a system with a gap could be ever

sensitive to arﬁitmry (arge distances?

A1l: THE LONG RANGE ORDER IN GAPPED QCD IS SIMILAR
TO AHARONOV -CASHER EFFECT. IF ONE INSERTS AN
EXTERNAL CHARGE INTO SUPERCONDUCTOR WHEN
ELECTRIC FIELD IS SCREENED exp(—r/)\) A NEUTRAL
MAGNETIC FLUXON WILL BE STILL SENSITIVE TO EXTERNAL
CHARGE AT ARBITRARY LARGE DISTANCES. THIS IS THE SO~
CALLED ‘“NON-DISPERSIVE” CONTRIBUTION.

® A2: LONG RANGE ORDER IN THE SYSTEM EMERGES BECAUSE
THE LARGE GAUGE TRANSFORMATION OPERATOR AND
HOLONOMY ARE NON-LOCAL OPERATORS SENSITIVE TO FAR
IR-PHYSICS, SIMILAR TO ‘“MODULAR OPERATOR” IN
AHARONOV ~-CASHER EFFECT. LOCALITY ARGUMENT DOES
NOT APPLY.
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THE PLOTS FROM A. YAMAMOTO, ARXIV 1405.6665.

1.

THE EXPANSION IN EUCLIDEAN SPACE-TIME WAS
PARAMETRIZED BY THE “IMAGINARY” HUBBLE CONSTANT
WHEN THE LATTICE ACTION IS POSITIVELY DEFINED;

RED CURVE . DESCRIBES THE PARTICLE PRODUCTION
RATE PER UNIT VOLUME PER UNIT TIME IN THE
BACKGROUND [, ;

THE LINEAR DEPENDENCE ON [; HAS BEEN COMPUTED,
Im[(T,,)] ~ H;- IT STRONGLY SUPPORTS OUR ARGUMENTS.



6. TIME DEPENDENT DE AND DESI (DARK
ENERGY SPECTROSCOPIC INSTRUMENT)
VERY SURPRISED (UNEXPECTED) RESULTS

THE DEPENDENCE OF THE VACUUM ENERGY AS A FUNCTION
OF TIME HAS BEEN RECENTLY OBSERVED BY DESI
COLLABORATION, WHICH EXPLICITLY SHOWS THAT DE IS
NOT A COSMOLOGICAL CONSTANT

IN OUR FRAMEWORK IT IS ANTICIPATED: WHEN THE SYSTEM
DEVIATES FROM EXACT DE SITTER STATE THE VACUUM
ENERGY ALSO STARTS TO DEPEND ON TIME

1
ALL EFFECTS ARE NON-PERTURBATIVE IN NATURE eXp(——2)

g

EFFECT IS SIMILAR TO TOPOLOGICAL SUSCEPTIBILITY WITH
NON-DISPERSIVE CONTACT TERM WHICH CANNOT BE
EXPRESSED IN TERMS OF ANY LOCAL DEGREES OF FREEDOM



THE MAIN TENDENCY (FROM OUR APPROACH) IS
CONSISTENT WITH ALL RECENT DESI OBSERVATIONS:

1. IT IS NOT A COSMOLOGICAL CONSTANT, BUT IT CANNOT
BE DESCRIBED BY A LOCAL EFT (PHANTOM BEHAVIOUR)

2. EOS couLD ASSUME THE VALUES ABOVE W=-1AsS
OBSERVED;

3. EOS COULD ASSUME A NEGATIVE VALUES BELOW W=-1
AS OBSERVED. SUCH BEHAVIOUR IS INCONSISTENT WITH

QFT WHEN DE IS A LOCAL QUANTUM FIELD !

n 2 I 2V n ;
w= B = _ ( ), e e BA)
D B st it 20 k) '

- DE
4. THERE IS NO ANY CONTRADICTION WITH UNITARITY OR

CAUSALITY IN OUR FRAMEWORK AS THE EOS IS DUE TO
VARIATION OF THE TUNNELLING RATE BETWEEN
TOPOLOGICAL SECTORS |k) IN TIME DEPENDENT
BACKGROUND CHARACTERIZED BY HUBBLE H.
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The EoS is highly sensitive to input parameters:

a) 1) It can cross the line w=-1 (cosmological constant), i) it
can be above the line w=-1, 1ii) it can be below the line
w=-1, Iv) it always approaches the de Sitter state in future.

b) we can Px parameters: MCMC (Markov Chain Monte Carlo)
by studying CMB anisotropies, BAO, SNla H gtension, etc



7. DESI RESULTS AS THE QCD EFFECT

LESSON 1: THERE IS A FUNDAMENTALLY NEW TYPE OF THE
VACUUM ENERGY IN NATURE WHICH CANNOT BE
EXPRESSED IN TERMS OF ANY LOCAL FIELD (HOLONOMY IS
NOT A LOCAL OBSERVABLE).

LESSON 2: IT EMERGES AS A RESULT OF TUNNELLING
PROCESSES BETWEEN DEGENERATE TOPOLOGICAL
SECTORS, AND FORMULATED IN TERMS OF THE ‘“NON-
DISPERSIVE” CONTACT TERMS AND NONLOCAL HOLONOMY.

LESSON 3: WE IDENTIFY THIS NEW TYPE OF ENERGY WITH
COSMOLOGICAL VACUUM DARK ENERGY (DE) WE OBSERVE
TODAY (QCD-INDUCED DE)

LESSON 4: THERE IS NO CONTRADICTION WITH UNITARITY
OR CAUSALITY, IN CONTRAST WITH CONVENTIONAL
APPROACHES USED BY COSMOLOGY PRACTITIONERS



@ TAKE HOME LESSON FOR THE LATTICE QCD
COMMUNITY:

B YOU MAY CONTRIBUTE TO STUDY OF THE
COSMOLOGICAL DE BY COMPUTING THE CONTACT
NON-DISPERSIVE TERM FOR THE TOPOLOGICAL
SUSCEPTIBILITY ! (r,t) IN A NONTRIVIAL
BACKGROUND, SUCH AS DE-SITTER SPACE (OR
ANY OTHER GEOMETRY)



